A novel method for site-directed mutagenesis of DNA sequences based on the use of the PCR is described. The method uses two oligonucleotide primers that contain the desired sequence change and overlap at their $' ends. In addition, the thymine residues in the overlap region have been substituted with deoxyuracil. Amplification of the template plasmid by PCR results in incorporation of the primers and the desired mutation into the PCR product. Excision of the deoxyuracil residues in the PCR products by uracil DNA glycosylase (UDG) destablizes base-pairing at the ends of DNA molecules and thus generates 3' protruding ends in the opposite strand. Due to overlapping nature of the primers, the resulting 3' protruding ends are complementary and can anneal rapidly after treatment with UDG. When the entire plasmid is amplified, a linear mutant PCR product is generated that circularizes after treatment with UDG. Circularized molecules can then be transformed into competent cells without ligation, generating transformants with the mutant genotype. Alternatively, the gene of interest is amplified in two segments using overlapping mutant primers and cloned in the desired orientation into pAMP1 by UDG cloning. Application of this method to site-specific mutagenesis of the IncZ(~ gene and the human c-raf oncogene was demonstrated. The accuracy of the mutations was confirmed by nucleotide sequence analysis as well as phenotypic assays. The method is rapid, highly efficient (~99%), and applicable to genes cloned in any vector as well as to genomic DNA or RNA. The versatility of the method allows single base mutagenesis as well as insertions and deletions. UDG mutagenesis should prove to be a general, rapid, and high-fidelity method for site-directed mutagenesis.
The deliberate alteration of DNA sequences by site-specific mutagenesis is a widely used approach for studying the structure and function of genes and their products. Several approaches are now available for site-directed mutagenesis. (1) (2) (3) (4) Although all of these methods are effective, the frequency of generation of desired mutation varies. The efficiency of mutagenesis is of particular importance when the sequence change(s) result in silent, unknown, and nonselectable phenotypes. The PCR has recently been used to create site-specific mutations in DNA. (s) Although this method is reliable compared to other methods, it has been difficult to apply to DNA sequences greater than about 500 bp in length. (6) In addition, it requires multiple sequential amplifications that increase the risk of introducing random and undesirable mutations in DNA due to the low fidelity of Taq DNA polymerase. (7) Recently, we have developed a novel method for efficient cloning of PCR-amplified DNA using uracil DNA glycosylase (UDG). (8'9) In this procedure, the desired sequences are amplified using primers in which the dT residues have been substituted with dU. Excision of the dU residues in the PCR-amplified DNA fragments destablizes base-pairing at the ends of molecules, producing 3' protruding ends in the opposite strand. Annealing of such fragments to complementary sequences on an appropriate vector and transformation of competent Escherichia coli cells has provided an efficient and rapid method for cloning PCR products. In this paper, we report a modification of the UDG cloning method for generation of site-specific mutations by PCR. We have applied this method to site-directed mutagenesis of the lacZo~ gene in plasmid pUC19 and mutagenesis of the human raf oncogene. The method can be used to generate single base mutations as well as deletions and insertions.
MATERIALS AND METHODS

Oligonucleotides
All oligonucleotide primers were synthesized using a model 380 A DNA synthesizer from Applied Biosystems, Inc. (Foster City, California). The deoxyuracil-CEphosphoramidite for synthesis of dUcontaining oligonucleotides was from Life Technologies Inc. (GIBCO/BRL). The sequences of the oligonucleotides for mutagenesis of lacZcx were as shown below. The mutant bases are underlined. -CUU UAG GAU CCA UAC UGC  AAC ATC TCC GTG-3'  1304 5'-GUA UGG AUC CUA AAG GUU  GTC GAC CCA A-3'  1301 5'-CUA CUA CUA CUA GGT TTF  CCC AGT CAC GAC G-3'  1302 5'-CAU CAU CAU CAU TAA CAA  TTT CAC ACA GGA AAC-3' Amplification of the mutant genes in pAMP1 was carried out using the M13 23-base forward primer (5' CCC AGT CAC GAC GTT GTA AAA CG-3') and the T7 promoter primer (5'-TAA TAC GAC TCA CTA TAG GG 3').
Enzymes and Reagents
Taq DNA polymerase was purchased from Perkin-Elmer Cetus (Emeryville, California). Competent cells, restriction enzymes, uracil DNA glycosylase, and plasmid pAMP1 were obtained from Life Technologies Inc. (GIBCO/BRL; Gaithersburg, Maryland).
PCR Amplification
All PCR amplifications were performed in 50 t~l of lx PCR buffer (50 mM KCI, 10 mM Tris-HC1, pH 8.4, 1.5 mM MgC12). The reaction also contained 0.05-0.2 mM of each dNTP, 1-2 units of Taq DNA polymerase, and 1.0 ~M of each primer unless otherwise stated. Thermocycling of PCR reactions was performed using a DNA Thermal Cycler from Perkin-Elmer Cetus. Unless otherwise noted, after an initial 5-min denaturation at 94~ 30 cycles of 30 sec at 94~ 1 min at 55~ and 2 min at 72~ were performed. An additional 5-min extension at 72~ was used following the last cycle. When amplifying pUC19, 500 pg was used for amplification. The procedure used for amplification of DNA from bacterial lysates was as described previously/~ Products of the PCR reactions were analyzed by agarose gel electrophoresis and visualized after ethidium bromide staining.
Mutagenesis
For mutagenesis of the lacZoL gene in plasmid pUC19, supercoiled plasmid DNA was amplified using overlapping oligonucleotide primers. To improve the fidelity of DNA polymerization, all PCR reactions for mutagenesis were performed with 0.05 mM of each dNTP. Plasmid DNA (500 pg) was diluted into 25 i~l of l x PCR buffer and overlayed with mineral oil. The tube was then placed in the thermocycler and heated to 100~ for 10 min followed by rapid cooling on ice. Then 24 p,1 of 1• PCR buffer containing nucleotides, the appropriate primers, and Taq DNA polymerase were added and amplified by PCR as described above. A 4-1~1 aliquot (25 ng) of the PCR products was treated with 1 unit of UDG for 30 min at 37~ in a final volume of 20 ~1 (in 1 • PCR buffer). A 2-pL1 aliquot of the UDG-treated products was used directly to transform E. coli DH5~ or DHIOB competent cells (Life Technologies, Inc., Gaithersburg, Maryland).
Plasmid pCMVBXB was used for mutagenesis of the human c-raf-1 gene. This plasmid contains the activated BXB version of a c-raf-1 cDNA clone ~~ preceded by the immediate early cytomegalovirus (CMV) promoter and followed by the SV40 poly(A) signal. The plasmid was linearized by digestion with XmnI, and 15 ng of linearized plasmid was used for amplification. Two separate amplifications were performed as described above except that only 18 cycles of PCR were performed. Four microliters (25 ng) of each PCR and 4 ~l (80 ng) of plasmid pAMP1 were mixed in an Eppendorf tube, and the reaction volume was increased to 19 p~l with 1• PCR buffer. One unit of UDG was then added and the reaction (annealing mix) was incubated at 37~ for 30 min. A sample (1-5 ~1) of the UDG-treated annealing mix was used directly to transform competent E. coli DHIOB or DH50~ cells following the manufacturer's recommendations. Transformants were plated onto LB plates containing ampicillin (100 p.g/ml), X-Gal, and IPTG. 
Biological assay of pCMVBXB301
Five micrograms of linear plasmid DNA were cotransfected with 0.5 I~g of linear pSV2neo plasmid DNA into NIH-3T3 cells using the calcium phosphate method as previously described/TM Neomycin-resistant clones were selected using G418 at a final concentration of 800 i~g/ml of media. After scoring for phenotype, 10 clones were expanded for protein analysis. Cells from 1 T25 were lysed in 1 ml of Tris-buffered saline with 1% Triton X-100 and I mM PMSF. After clearing the lysate, anti-SP63 antibody (14) and Protein A-Sepharose (Boehringer-Mannheim Biochemicals) were used to collect Raf proteins. Immunoprecipitates were separated by gel electrophoresis and transferred to nitrocellulose. Blots were probed with anti-SP63 antibody and bands were visualized by alkaline phosphatase according to the manufacturer's instructions (Life Technologies, Inc.).
RESULTS
Principle of the Method
We have developed a method for sitedirected mutagenesis of DNA sequences based on amplification with PCR and use of UDG. The schematic representation of the method is shown in Figure 1A . The method is based on synthesis of two overlapping primers containing the desired nucleotide change(s) in which some or all of the dT residues have been substituted with deoxyuracil. The primers are designed such that during the PCR the entire plasmid is amplified as a linear DNA fragment with the desired base change(s) in the primer and its complementary sequence in the opposite strand. Incorporation of the dU-containing primers into PCR product renders the 5' end of the fragments susceptible to UDG. Treatment of such PCR products with UDG results in excision of dU residues, producing 3' sticky ends. Due to the overlapping nature of the primers used, the 3' protruding ends are complementary and result in circularization of the PCR products. Transformation and in vivo repair of the circularized plasmids result in generation of new plasmid molecules that are identical to the wild-type parental plasmid except for the desired mutation(s).
In cases where the gene of interest is not in a plasmid or the plasmid is too 
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Reverse Mutagenesis to Wild Type
The precision of the mutagenesis in the desired position with UDG cloning was examined by reverse mutagenesis of the G-to-A mutants to wild-type phenotype. Two independent mutant clones were randomly selected (MAI01, MAI02) and the plasmids were amplified using the wild-type primers. Transformation of the amplified DNA from both clones after UDG treatment showed 95% reversion to the wild-type phenotype. The remaining colonies with the mutant phenotype derived from the original templates, as well as from the random mutations introduced during PCR. The fact that two randomly selected mutants could be efficiently mutagenized back to the wild-type phenotype strongly suggests that the mutation giving rise to white colony phenotype was indeed the intended G-to-A mutation at position 89.
Mutagenesis from Colony Lysates
To simplify the mutagenesis protocol further, we also tested mutagenesis amplification directly from bacterial colonies. A small amount of bacterial cells from mutant colonies MA101 and MAI02 (white phenotype) were resuspended in l x PCR buffer and amplified using wild-type primers, as described in Materials and Methods. UDG treatment and transformation showed effective mutagenesis (>97%) of the lacZo~ mutants to the wild-type phenotype. In other studies, we have observed that the frequency of mutagenesis varies from 95 to 99%. This variation is related to the amount of cells used for mutagenesis (i.e., amount of original wild-type template plasmid) and also the number of amplification cycles. We have found that generally 15-30 cycles of PCR are quite satisfactory. In some cases, we have analyzed the amplification products after 10-15 cycles of PCR by gel electrophoresis followed by UDG treatment and transformation. Even in cases where no DNA was visible by ethidium bromide staining, the transformation efficiency was high enough for isolation of mutants. These results are in concordance with our previous results regarding ligase-free cloning with UDG. ~9~
DNA Sequence Analysis
The accuracy of mutagenesis and the precision of the in vivo repair of the mutagenesis overlap junctions were examined by nucleotide sequence analysis. The mutant plasmids from MAI01 and MA102 were sequenced using 32P-labeled M13/pUC forward primer. The desired G-to-A mutation at position 89 was aplasmid pUC19 was amplified using the primer sets indicated above and the PCR products were incubated in the presence or absence of UDG at 37~ The amplified DNA was then used to transform competent E. coli cells and transformants were scored for the Lac phenotype.
confirmed in both mutant plasmids. As expected, the plasmids recovered from amplification with wild-type primers showed no mutations. In all of the plasmids examined, the junctions of the overlapping 3' ends were repaired correctly, and no other changes were observed (Fig. 2) .
Mutagenesis of Human c-rafol Oncogene
Plasmid pCMVBXB encodes the kinase domain of the serine/threonine protein (Fig. 3) . The two PCR products were mixed with plasmid pAMP1 and treated with UDG for 30 m i n at 37~ A portion of this annealing mix was used to transform competent E. coli cells. The transformants were selected on ampicillin plates. An identical preparation that had not been treated with UDG was used as a control. These experiments showed the mutagenesis to be dependent on UDG treatment, as well as on the presence of the appropriate amplified segments with overlapping ends and plasmid pAMP1 ( Table 2) . Analysis of plasmid DNA in the transformants by PCR amplification directly from colonies with primers flanking the insert is shown in Figure 3 . All tested transformants arising from UDG-treated PCR products showed a 2534-bp insert in plasmid pAMP1. The clones obtained from transformation of cells with the mixture without UDG, contained the original wild-type plasmid used as the PCR target for amplification (pCMVBXB containing the wild-type c-rafgene), and FIGURE 3 Mutagenesis of the c-rafoncogene with UDG and dU containing mutant primers. Plasmid pCMVBXB was amplified in two separate PCR reactions using primers 1302 and 1303 (lane 1) or using primers 1301 and 1304 (lane 2). The two PCR products and plasmid pAMP1 were mixed, treated with UDG, and used for transformation of competent E.
coli cells as described in Materials and Methods. Resulting colonies were screened for presence of full-length c-rafinsert in plasmid pAMP1 (lanes 3-9) using vector-specific primers and PCR. Lane M is the lO0-bp ladder from BRL. The bands in the marker lane are spaced 100 bp apart, the smallest fragment being 100 bp long. bRecombinant clones were tested for presence of full-length c-rafinsert in pAMP1 by PCR analysis as described in Materials and Methods. C(NT) Not tested.
did not amplify with primers specific for pAMP1 (data not shown). Sequence analysis of 200 bp surrounding codon 375 in four independent mutant clones (pCMVBXB 301) showed no sequence divergence from the wild-type sequence except for the intended AA-to-TG exchanges resulting in the Lys-to-Trp substitution. These mutant plasmids were also assayed biologically for transforming activity. (13) Cotransfection of plasmid DNA from two clones with pSV2neo into NIH-3T3 cells revealed that the transforming activity of the parental plasmid had been abolished without affecting the amount of the protein being produced in neomycin-resistant clones (data not shown).
DISCUSSION
We have described a rapid and efficient method for site-directed mutagenesis using PCR and UDG. Two alternative procedures were used and both were shown to be effective. In the first procedure, the entire plasmid containing the gene of interest is amplified using two overlapping primers containing deoxyuracil residues. In this case, a single amplification reaction yields amplified mutant DNA that can be used directly for UDG treatment and subsequent transformation. This method is applicable to cloned DNA in any plasmid vector as long as the entire plasmid can be amplified by PCR. Prior to testing this method, we had expected that amplification of long DNA sequences (2.5-4.0 kb), particularly using circular plasmid as template, would be problematic. Furthermore, we expected that primers with overlapping sequences at their 5' ends would exacerbate this potential problem. We have, however, found that the PCR can effectively amplify the supercoiled plasmid when an initial denaturation step at 100~ for 7-10 m i n is included prior to PCR. Although efficiency of PCR is better for amplification of smaller DNA fragments, plasmids in the range of 2.5-4.0 kb are amplified sufficiently for use in the UDG mutagenesis method. This is at least partly due to the high efficiency of cloning with the ligase-free method used in these experiments. (9~ Recently, Jones and Winistorer (17) have demonstrated that cotransformation of PCR products with homologous ends can result in in vivo recombination and generation of circular plasmids containing mutation(s). Since this method requires in vivo recombination, the frequency of transformation is very low, necessitating use of highly competent cells. In addition, the frequency of transformation is highly dependent on the length of homology between two PCR products; decreasing the length of the homology from 25 bp to 12 bp reduces the efficiency of transformation four-to five-fold. (17~ These problems have been solved in the UDG mutagenesis method. The efficiency of cloning with the UDG method is high (106-107 transformants per microgram (9) ) and overlap of only 10-12 bases is needed. In the experiments with mutagenesis of C-raf, the efficiency of cloning was lower than previously reported due to simultaneous cloning of two PCR fragments into the pAMP1 vector ( Table 2) .
The method used to mutagenize the c-raf-1 gene is most advantageous for mutagenesis of large genes, genes cloned into very large vectors such as cosmids and yeast artificial chromosomes, and uncloned genes (i.e., genomic DNA, cDNA, etc.). This method combines mutagenesis and cloning of the mutant gene into a one-step procedure. The results show that efficiency of mutagenesis is high and all of the examined clones contain the desired mutation. The UDG mutagenesis method described here combines many of the advantages of the existing mutagenesis procedures and circumvents their shortcomings. When compared to the phagemid method described by Kunkel, (4) UDG mutagenesis offers a higher frequency of mutation because the use of PCR allows exponential amplification of the mutant molecules. The frequency of mutation is high (>99%), and a single-stranded dU template (phageraids grown in a special dut-ungstrain) is not needed. The method is also applicable to DNA sequences present in any cloning vector, and does not require subcloning of genes into phagemids to isolate single-stranded DNA.
Although UDG mutagenesis is similar to the approach described by Higuchi et al., (s) it has features that make it more practical and advantageous. It has been shown that PCR amplification can introduce mutations in the amplified DNA due to low fidelity of Taq DNA polymerase. (7) This problem can be further exacerbated by two sequential amplifications required using the method of Higuchi et al. (6) This problem can be addressed by two approaches: (1) reduction in the total number of cycles used in PCR and (2) use of a thermostable DNA polymerase with proofreading activity. (18-2~ In the UDG mutagenesis method, the use of overlapping mutant oligonucleotide primers containing dU allows two PCR products to be joined without the need for further amplification, thereby reducing the number of cycles needed. Furthermore, the high efficiency of mutagenesis combined with high efficiency of cloning (Table 2 ) allows cloning after as few as 10 cycles. Not only does this simplify the method, it also reduces the chance of introducing further unwanted mutations in the amplified DNA. Therefore, it is reasonable to propose that UDG mutagenesis in conjunction with use of a DNA polymerase with proofreading capability (18--2~ will result in a very high-fidelity mutagenesis method. Another advantage of this method is that by using UDG the joining of the mutant fragments and cloning of the full-length fragment into an appropriate host are combined and performed simultaneously.
The use of deoxyuracil in PCR primers and the ability to generate 3' cohesive ends by UDG excision of dU residues offer a novel method for joining nucleic acid fragments. The method is versatile and can be used with essentially any DNA sequence containing dU. This method of joining DNA fragments allows researchers to assemble PCR products without being limited to the presence of restriction enzyme sites in the desired site.
In both of the procedures described for UDG mutagenesis, treatment of PCR products with UDG, annealing of complementary ends, and circularization of plasmids occur simultaneously within the incubation time. In addition, both procedures require only one PCR step (i.e., no overlap extension is needed), which can be as few as 10-15 cycles. This is simplified even further by using bacterial lysates from individual colonies as mutagenesis template. These features and the high efficiency of mutagenesis make UDG mutagenesis a rapid and generally applicable method for site-directed mutagenesis.
